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The plan:

* | ecture I:

Transverse spin structure of the nucleon
Overview of past experiments

History of interpretation

Overview of present understanding

* Lecture Il

Transverse Momentum Dependent distributions (TMDs)
Sivers function
Twist-3

* Lecture I

Transversity
Collins Fragmentation Function
Global analysis

* | ecture IV

Evolution of TMDs
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Physics of gauge links

Colored objects are surrounded by gluons, profound consequence of
gauge invariance.

Sivers function has opposite sign when gluon couple after quark scatters
(SIDIS) or before quark annihilates (Drell-Yan)

Brodsky,Hwang,

Schmidt
/ g + Belitsky,Ji,Yuan
Collins
_____ . __ 3 ____T__ Boer,Mulders,Pijlman,
etc
1SIDIS __ _fJ_DY
17T T 17T

One of the main goals is to verify this relation.
It goes beyond “just” check of TMD factorization.
Motivates Drell-Yan experiments

AnDY, COMPASS, JPARC, PAX etc
Barone et al., Anselmino et al., Yuan,Vogelsang, Schlegel et al., Kang,Qiu, Metz,Zhou
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Physics of gauge links

Colored objects are surrounded by gluons, profound consequence of
gauge invariance.

Sivers function has opposite sign when gluon couple after quark scatters
(SIDIS) or before quark annihilates (Drell-Yan)

o ™

+ Drell-Yan is at much different
/ g resolution scale Q.
————— o EIC will operate at higher Q. nan,
What do we know about evolution
1J_TSIDIS _ | of TMDs?

One of the main goals is to verify
It goes beyond “just” check of TM
Motivates Drell-Yan experiments

orization.

AnDY, COMPASS, JPARC, PAX etc
Barone et al., Anselmino et al., Yuan,Vogelsang, Schlegel et al., Kang,Qiu, Metz,Zhou
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Kinematics

Kinematics Q?* ~ sxy

2
SOQ Electron lon Collider
reaches higher Q

10

v s =70 GeV /s =20 GeV JLab 12

Jlab 12 and future
Electron lon Collider
0.001 0.01 01 1 X are complimentary

.Jeffekgon Lab



QCD and parton model

Let us calculate SIDIS cross section in parton model:

Produced hadron

p+q

p

We work in Infinite Momentum Frame and all partons
are collinear to the proton, thus

do
—— ~ §(P?

.gefferé)on Lab



QCD and parton model

Let us calculate SIDIS cross section in parton model:

Produced hadron

Proton

“Theory”
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QCD and parton model

Let us calculate SIDIS cross section in parton model:

Produced hadron

Proton

2.0 - I n" from P
1.8 I
“Theory” Experiment L6

L4
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SIDIS and parton model

“QCD improved” parton model:

Radiation of gluons create
transverse momenta

Terms like this appear

o )

Result is singular as PT — () and logs need to be resummed

Dokshitzer, Dyakonov, Troyan 1980 _ _
Parizi, Petronzio 1979 Implementation of resummation

Collins, Soper 1982 In QCD
Collins, Soper, Sterman 1985

4effergon Lab




* QCD evolution: meaning
|

— | —
* What is QCD evolution of TMDs _
anvwa ? = ——  ZEUS NLO QCD 6t
y y =§: I [ et exrer
= Evolution = include important perturbative = sr ¥/
- pe 1 I » ZEUS 2697
corrections —
= One of the well-known examples is the
. . . 4
DGLAP evolution of collinear PDFs, which
lead to the scaling violation observed in
inclusive DIS process A
= What it does is to resum the so-called | e
. . . i [ a=0.021
single logarithms in the higher order
At - " IR
perturbative calculations T et L cane
L# .—-—"'_l-"_. ) i fox . 008
S e x=0.13
[ s HEEE F R
E - x=0.25
T $ I =04
— - I:.:I].ﬁS
i 1 | L wul | el
1 10 1’ 10 10 10°
QliGeVY
Feb 27, 2014 Zhongbo Kang, LANL 4
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* QCD evolution: TMDs
|

= TMD factorization works in the situation where there are two

observed momenta in the process, such as SIDIS, DY, W/Z production
and in the kinematic region where Q>>qr

= Fvolution again = include important perturbative corrections

= What it does is to resum the so-called double logarithms in the higher
order perturbative corrections

s For SIDIS: gr is the transverse momentum of the final-state hadron

, Q2"
(m In? —3,>
\ ar .

Feb 27,2014 Zhongbo Kang, LANL 5
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Resummation

Dokshitzer, Dyakonov, Troyan 1980

Parizi, Petronzio 1979 . o _ _
Collins, Soper 1982 Resummation (CSS)is in configuration space

Collins, Soper, Sterman 1985 Fourier transform is needed for observables

For Drell-Yan

d . ~
d_U ~ /dszeZQT'bTW(xhiCz,bT)e_S(bT’Q) + Y (qr, Q)
qT

Collinear distributions
are contained here

.gefferé)on Lab




Resummation

Dokshitzer, Dyakonov, Troyan 1980

Parizi, Petronzio 1979 . o _ .
Collins, Soper 1982 Resummation (CSS) is in configuration space

Collins, Soper, Sterman 1985 Fourier transform is needed for observables

For Drell-Yan

d . ~
d_U ~ /dszeZQT'bTW(xhiCz,bT)e_S(bT’Q) + Y (qr, Q)
qT

Collinear distributions  Large logs (gluon radiation)
are contained here are resumed here
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Resummation

Dokshitzer, Dyakonov, Troyan 1980

Parizi, Petronzio 1979 . o _ .
Collins, Soper 1982 Resummation (CSS) is in configuration space

Collins, Soper, Sterman 1985 Fourier transform is needed for observables

For Drell-Yan

d
dzb e’qu bTW 3317372; bT —S(br,Q) + Y(QT;Q)

Collinear distributions  Large logs (gluon radiation)
are contained here are resumed here

Corrections for large 4T

.Jeffergon Lab




Resummation

Dokshitzer, Dyakonov, Troyan 1980

Parizi, Petronzio 1979 . o _ .
Collins, Soper 1982 Resummation (CSS) is in configuration space

Collins, Soper, Sterman 1985 Fourier transform is needed for observables

For Drell-Yan

d . ~
d_g ~ [ dPbre" T PTW (21, 2, br)e P9 + YV (gr, Q)
dr

A lot of phenomenology done. Energies from 20 GeV to 2 TeV.

S
Brock, Landry, Nadolsky, Yuan 2003 3 103L
Qiu, Zhang 2001 3 |
g 10 2}

=}

T
10 |

D 10 20 30 40 50 60 70 80
Q. (GeV)




Evolution of TMDs

One needs a unique definition of TMDs

Foundations of perturbative QCD
Collins 2011

W= |Hp (@ ™
f
X /d2k1Td2k2TFf/P1 (1, Kir; 1, CF) Fg ) py (@2, Kors 1, Cr)

<303 (k17 + kor —ar) + Y(ar, Q)

Ff/p1 (331, kir; p, CF) TMD distribution of partons in hadron
4 >

- //// \\\\ ~—

o Rapidity divergence regulator
Renorm group (RG) renormalization

4effergon Lab



Evolution of TMDs

One needs a unique definition of TMDs

Foundations of perturbative QCD
Collins 2011

Infinite rapidity of the gluon creates
so called rapidity divergence

In collinear PDFs this divergence is
canceled between virtual and real
gluon diagrams

It is not the case for TMDs

Ff/p, (z1,ki7r; 1, CR) Thus new regulator (g is needed

A X
o Rapidity divergence regulator
Renorm group (RG) renormalization

4effergon Lab




Evolution of TMDs

Evolution of TMDs is done in coordinate space bT

1 b
Fep(z, ke p, Cr) = Tk /dsze krbr b p(z,br; p, Cr)
Colins Soper 1982

Foundations of perturbative QCD Collins 2011

Why coordinate space?

Convolutions become simple products: Collins, Soper 1982
B Collins, Soper, Sterman 1985
WH — Z |Hf(Q2, [|M Idilbi, Ji, Ma, Yuan 2004
T Boer, Gamberg, Musch, AP 2011

X / dszeiquTFf/Pl (x1, brs 1, CF)Ff/Pl (2, br; 1, Cr)

In principle experimental study of functions in coordinate space
|s possible

Boer, Gamberg, Musch, AP 2011

4effergon Lab



Evolution of TMDs

Evolution of TMDs is done in coordinate space bT
1 N
Ff/P(aja kr; M CF) — (27_‘_>2 /dszGZkT bTFf/P(xa br; I CF)

Colins Soper 1982
Foundations of perturbative QCD Collins 2011

Complicated in case of Sivers function Aybat, Collins, Qiu, Rogers 2012

Ly €1k S?
Ff/PT (ll?,kT, ST;/L, CF) — Ff/P(lUykTﬂua CF) — FlT (CU,kT;,LL, CF) M
p

Unpolarised part:
¢ p(z,brip, Cp) = (QW)/ dkrkrJo(krbr)Fy p(x, kr; 1, Cr)
0

Sivers function:

Pt oybrs o Ge) = —(2m) [ dhrk s (krbr) P (o s i)
0

4effergon Lab




TMD evolution

Energy evolution

31nﬁ’(az,bL,u,C) ~

Collins-Soper kernel in

0ln+/C = KbLp)

Renormalization group equations

dl;(fni’ﬁ) = —yx(g(p))

dln F(z,b , u,
Efln: ) _ —vr(g(1), <)

coordinate space

TMD:

Collins 2011

Rogers, Aybat 2011

Aybat, Collins, Qiu, Rogers 2011

4effergon Lab



TMD evolution

Energy evolution

Oln F(z,b1,p, ) Collins-Soper kernel in

— K(b, > coordinate space
- TMD:
At small b perturbative treatment Collins 2011
Is possible

Rogers, Aybat 2011
Aybat, Collins, Qiu, Rogers 2011
o OésCF
K(bT7 /'L) - =

- (lﬂ(lﬂb%) —In4 + Q”YE) +0(a7)

Large bT nonperturbative - matching via 1t)>[< Collins Soper 1982

br
b,(br) =
o) = e

4effergon Lab



TMD evolution

Energy evolution

Oln F z,by, 1, > Collins-Soper kernel in
3(1n\/%’u 3 = K (b, 1) " coordinate space

Large bT nonperturbative - matching via b,. Collins Soper 1982

B b
V1+07./2,,,

brmaz = 0.5 (GeV™1)

Brock, Landry, Nadolsky, Yuan 2003

by (br)

4effergon Lab



TMD evolution

Energy evolution

81HF(557 bi,p, Q) = Collins-Soper kernel in
= K (b, > .
Oln+/C (b1, 1) coordinate space

Large bT nonperturbative - matching via b,. Collins Soper 1982

~ ~ 4 Always perturbative

K (br,p) = K(bs,p) — gK(QT)
~ Non perturbative

1
b — = b2 = - = H
907 = 399 | This function is universal for

go ~ 0.68 (Gev?) ) different partons and processes!

Brock, Landry, Nadolsky, Yuan 2003

4effergon Lab



TMD evolution

Relation to collinear treatment:

- Ldi - x .
Ff(f[', bTa:ua C) — Z & Cj/f (57 anuv C) fj(xalu) + O(AQC'DbT)
;i Jz

Collins Soper 1982

Valid at small bT , lowest order:

~

X X
Cy3(Z bry s Q) = 356 (= = 1) + Ola)

Higher order for TMD PDFs
Aybat Rogers 2011

Higher order for Sivers function

Kang, Xiao, Yuan 2011

4effergon Lab



TMD evolution

Solution Rogers, Aybat 2011
Aybat Collins, Qiu, Rogers 2011

Ff/p(ﬂf,bT,Q7CF) Ff/P(x bTaQDaQO)

i " Non perturbative
X exp _QK(bT)ln@] )
o Q i’ N Q M)
coxp [In L + [ B oot 1)~ 1o Loclatut) |
du & :
[ o9 J

Perturbative

Typically for TMDs:

Fy/p(,b7;Qo, Q5) = Fr/p(2; Qo) exp ( a

4effergon Lab




TMD evolution:helicity and transversity

_ _ A. Bacchetta, AP, 2013
Solve evolution equations:

~ . S Sbusgy iy 9K (bT) In Y o
s brs i o) = S (Cppi @ F) (@b ) S Gt DTRG0 £ (0 )

)

4effergon Lab



TMD evolution:helicity and transversity

. A. Bacchetta, AP, 2013
Calculate everything at NLO:

~ o o . aCr 2e—VE 1+ 42 1
Cloy (. b5 13 G /p?) = 0300(1 = ) + 0o =24 In (= S
] phr 1 —u N 2

i

) L /9 E 9e—E - .
—|—O(1 — ;{’) [— 1112 ( ¢ . ) 4o ( ¢ | )lll (%)] } + C)(_O';?) :
bt b L=

- L  a.C %=\ /14 &2 1
AC (b iy Cr fi2) = 6530(1 — ) + 605 = In [ 2 LA B
/ o ' ' T pbp l—w ) 27 '

) L /9 E 9o~ VE - -
+0(1 — x) [—1112< : _ )Jrln( : : )ln (g—i)] }+O(o§).
pubp pubp e

- o o - o C 2eE 2
0C 1 (w, by (p/p?) = 0jrj0(L — ) + 04y Rk Y (s : : +
H ' ' ' ' T pubr l—w)

- . 2 -—VE 2 —YE - | .
+0(1 — x) [— In? ( ‘ ; ) + In ( ‘ ; ) In (g—‘:)] } + @(a.;{’) ’
HoT 1o 1=

4effergon Lab




TMD evolution:helicity and transversity

_ . A. Bacchetta, AP, 2013
Simplify:

. O :
Cir i@, b pup) = 05r0(1 — ) + 0y }(1 d (1—2)+0(a?),
i'l. o
) 0 C ;
ACG (2, by pip) = 0jrj0(1 — ) + 00 = (1 —x)+ O((_:lﬁﬁ) ?
5(1.,-; s bys pip) = 05r50(1 — ) + O(«; 2.

4effergon Lab



What does it mean?

& MAZIL ANDEZSON WINW ANDEETOONS.COM

"What the hell is that supposed to mean?!”
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Phenomenology
A. Bacchetta, AP, 2013

— 10 F
— :
30 o
. Q=32 (GeV) o 1k
<
S’
10 [ = 107
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Phenomenology
A. Bacchetta, AP, 2013

15 Q=10 (GeV) 1 3
— i
O_ |
10 o -
I
X 10‘5-
5 |- = :

4effergon Lab



Phenomenology
A. Bacchetta, AP, 2013

Q=100 (GeV)

0.01, k.l.)

—
<

f(x

"
]
fa,

4effergon Lab



TMD evolution

Solution Rogers, Aybat 2011

Aybat, Collins, Qiu, Rogers 2011
5 k7)) g2, Q
Ff/P(w7bTaQ7CF):Ff/P(xaQO)eXp(_ [<4—>+_ Qo}bQ)

Non perturbative

[ ‘ | ’ 3
i oovacew | ] Gaussian behaviour
e Q=50GeV | 3 is appropriate only
s == Q=9119GeV] in a limited range
<
I =
U-g_ | ~— -: . - _
001/ | AN N it
0/ 1 2 3 4] 5 6
JLc']b kT (CIQV) TelVﬂffOn
Energies Energies

TMDs change with energy and resolution scale

.Jeffergon Lab



TMD evolution

This Is the first implementation of TMD evolution for

observables
- , | Aybat, AP, Rogers 2011
3 E Q?=24(GeV) —

a _ 2
LI Q=36 (GeV) oo Asymmetry changes with Q
== o' T
>

10° 005

._,‘;:: 0.04 —
10-3 | | | % |5 0.03
0 0.2 0.4 0.6 0.8 1 1.2 1.4 < '

p,(GeV) 0.02|F

0.01

Functions change with energy

.0.01 1 1 1 1 1
20 40 60 80 100

Q* (GeV?)

Phenomenological analysis with evolution is now possible

4effergon Lab



— ol g e do hetter?

= A new fit for DY seems also describe SIDIS

data Sun-lsaacson-Yuan-Yuan,1406.3073
BT Ry T RERMES (e o
- 5" 0.3<z<0.4

20

[ I.lJ]I.l.JJl.LlJII.l]ILI.JJ Ll.J]II.l]ILl.JII.I.]]ILJJII.lJ] I

ez s 4 s 8T8 F'E.l'f':‘i-lz"ffll::I 01 315 02 025 0.3 0.35 0.4 043 05 El.ﬁén_'ll_:ll.ﬁ

exp(—g2b21nQ2+---) exp(—gglnbaner---)
Non perturbative function is modified
4effer§’on -1»)




Echevarria-ldilbi-Kang-Vitev, 1401.5078

" TMD evolution kernel is NOT entirely perturbative
(collinear evolution kernel is purely perturbative)

= We have a TMD distribution F(x, kt; Q) measured
at a scale Q

Fla, 0, Q) = f"f-f'--“i-".-"h}":-:|'{ / |.f-1In Q. 1}
PR | . -

A=3"AM(Z) B=Y B"(Z)

=1 =1

4effergon Lab



Echevarria-ldilbi-Kang-Vitev, 1401.5078

" Description of W/Z data at Tevatron and
LHC: not a fit, but a reasonable “tune”

L

=
=]
[
L}

-
p+p Vs=18 TeV =
5 I
« DOW — 600 | ¢ e CDFZmm1
=
_5‘

L N
50&%— i\“‘ia 20 _%‘I ‘x

p+p Vs=1.8 TeV

doldp, (pb/GeV)
[
=
|IIII

.Jeffergon Lab



Echevarria-ldilbi-Kang-Vitev, 1401.5078

* Drell-Yan lepton pair production
|

z 10 ¢ E288 Vs=19.4 GeV % 0L E288 Vs=238 GeV
™ » - . 2 ].ﬂ E = .
= T, £ E T
& o o & I
"g L] [ - 'g I £ . T
jia) _ _—'———!____ ¥ ) T ___-—_—"_——— *
0Ly T 5 B
L i . — e
_I__T___I‘--—-_ 3 , 1 . —— ]
A E L — . i
af f—}—_r_____ i s e
10 L P— - *
o I E Al
I 11 I 11 1 I 11 1 I 11 I 11 1 I 11 1 lﬂ :_I 11 I 11 1 I 11 1 I L1 1 I 11 1 I 11 1 I L1 1
0 02 04 06 08 1 12 14 0 02 04 06 08 1 12 14
pr (GeV) pr (GeV)
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Echevarria-ldilbi-Kang-Vitev, 1401.5078

* Multiplicity distribution in SIDIS 1
: Comparison with COMPASS data

10

*: g COMPASS -': i COMPASS
Qo C Deuteron b = - Deuteron h*
r:r:: i Hﬁj“:‘ [~ - ---..-‘"--l
";:: i -E - oo a1 “"t
3 S — e
= 1 = = t_r_ i
= - - | — ,
E ]. E - TL-TYI--_-;__:\.\'\‘ o"
i F T
. - i R -
10 | | -
C 1 LI e o S .
- 10 | ¢
r L B - Fy
- C O g :-'5'_5'1".7:-._____ "‘I'I!
- : F (xg)=0093 oo
1072k (Q)=757GeV? - [ (Q9)=757 GeV? =
:l|||I||||I||||I||||I||||I||||I||||I|||| ||||I||||I||||I||||I||||I||||I||||I||||
0 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 07 038
pr (GeV) pr (GeV)
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Echevarria-ldilbi-Kang-Vitev, 1401.5078

* Once the non-perturbative part is
constrained, use the same formalism to
describe the Sivers effect

005

005 F

0.05 E—

005 F

005 E

005 E—
41 E—

HERMES Proton

= 01

Q1F

}

. El.l:— =

01F

. 3.1:— x

10t

L 1 " " "
o4 0.6
By, (GeV)
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= Sivers function to be compared to that

without evolution

0l

005 [

il

_Dl T vl 0o Lirinm L TRRTT sl i Lirinm

005 F

10

01
0.08 |
0.06 |
0.04 1
0.02 |

' 1,00
(=}

i

002 | '

0,04
-0.06 |
-0.08 |

01 b -
108 102

> 107

Echevarria-ldilbi-Kang-Vitev 14

With TMD evolution

Anselmino 14

No TMD evolution
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Drell Yan

Lq q - - -
Zq fi1 (x1,pT) ® £ (X1, PpT)0qq Analysis at LO in hadronic cm
N = a g frame
> q i (x1,PT) @ £ (X1,PT)0qq  Anselmino et al (2009)
5 5 In DY we probe Sivers
_ Xf T \/XF + 4M?/s N function at XF
X1 = 2 ~ XF Anselmino et al (2009)
RHIC: p' p RHIC: p' p RHIC: p'p
015 , , 0.15 : 0.8 .
| s=200 GeV Vs=200 GeV Dyl —— Vs=200 GeV P
| 4<M<0 Gev O<y<3 _ 4<M<0 GeV
A p— ] 0.6 0O<y<3
0.1} — - 01}
> | ~ 1 y
é- // -g?- B = 04F /
& | & [
B n.os%/ - oos- [N _ | ,
/
000z 04 06 08 0— A P 10 O "0z 04 06 o8
X M (GeV) X
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Drell Yan

Zq flL,l‘?(Xl, pr) ® fi_l(xl, PT)0qq Analysis in hadronic cm
AN = S frame

/ No TMD evolution

¢ f1'(x1,pT) ® 1! (X1, PT)04qq

%"’ 0.14 -
e 0121
£ -
w 2D 01 3 . .
< — With TMD evolution
008 .
0.06 - .
0.04 —
0.02 /
0 | | | L
0 0.2 0.4 0.6 0.8

Asymmetry is suppressed with respect to LO analysis

4effergon Lab



Predictions for DY, W/Z
= At 510 GeV RHIC energy

. )
Sp X
t AT #’r/ B
— y 7 o w— 7
-' e
- 0.01 n z 0.05¢ = 003 ¢
< L - r < 0.02 ;_\__f"

of : 0.04F

001F \ 0.03¢ D-Uég‘ w*\
002} J| 0% / \ 001F o

001F :

W -002F

0.03f DY o= :

: 003F
_[] 04 o b b b v by el _001 :||||||||||||||||||||||||||||||||||||||| _004:|||||||||||||||||||||||||||||||||||||||
T 43-2-101234 T 2-15-1050051152 ©2-15-1050051152
y y y
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Evolution

" Theory formulated in 2011
" A lot of work to do

" Preliminary results are very promising

4effergon Lab
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